This research demonstrates the design and operation of a dye-sensitized solar cell (DSSC) with a multiwalled carbon nanotube counter electrode (CE) and a pore-filled membrane consisting of polyvinylidene fluoride-co-hexafluoropropylene (PVdF-co-HFP) as an electrolyte. In this cell, the internal resistance was substantially reduced and the efficiency was found to be as high as 6.04% under 1 sun. For this purpose, a sequence of experiments was carried out to demonstrate that the PVdF-co-HFP membrane possessed superior porosity to absorbed electrolytes and is more compatible with MWCNT CE as compared to the commonly used liquid electrolyte. For a comparison of results, different types of DSSC assemblies composed of MWCNT CEs were fabricated with liquid-, gel-and electrolyte-filled PVdF-co-HFP membranes. Morphological studies showed that the PVdF-co-HFP membrane is a regular and highly porous nano-web which provides optimized interfacial contact with defect-rich MWCNT CE.
Introduction
The sustainable low-cost fabrication of dye-sensitized solar cells (DSSCs) has gained widespread attention owing to the invention of unique functional materials and facile fabrication techniques. [1] [2] [3] The standard DSSC assembly consists of meso-porous titania (TiO 2 ) as a photoanode with an adsorbed dye sensitizer, an iodide/triiodide redox liquid electrolyte mediator, and a platinum (Pt) counter electrode. [4] [5] [6] Typical DSSCs are associated with stability issues that result from their use of a platinum (Pt) cathode and liquid electrolyte, leading to poor stability, electrolyte leakage and electrode corrosion. Moreover, the large-scale fabrication of DSSCs using Pt as a catalyst is hindered by the scarcity and high cost of Pt. Moreover, the Pt catalyst can disintegrate into PtI 4 in a liquid (I/I 3 À ) electrolyte, which will reduce its long-term stability.
7,8
The interfacial charge transfer mechanism between a redox electrolyte mediator and a counter electrode plays an important role in DSSCs. Signicant efforts have been undertaken to incorporate innovative, inexpensive, and rich materials with unique functional properties to fasten the interfacial charge transfer mechanism between the electrolyte and counter electrode using novel electrolytes and a low-cost electrocatalytic CE material. [9] [10] [11] [12] Therefore, an ideal CE must have high electrocatalytic activity, good electrical conductivity, and a large surface area for rapid electrolyte/counter electrode interface reactions and long-term stability during chemical reactions.
Carbon-based electrocatalysts are gaining widespread attention due to their remarkable multifunctional properties. [13] [14] [15] [16] Different carbon-based structures such as activated charcoal, [17] [18] [19] carbon black, 20,21 graphite, [22] [23] [24] graphene, [25] [26] [27] and carbon nanotubes [28] [29] [30] [31] have been synthesized and have shown remarkable performance capabilities as counter electrode materials. MWCNTs are unique nanoscale structures with the distinct electronic features of high electrical conductivity and good chemical stability. MWCNTs can be considered as a fast electron-transport network owing to their coexistence tubular morphology and diffusive transport capabilities. 32, 33 Moreover, MWCNTs possess high electrocatalytic activity for the reduction of triiodide ions to a certain extent, and their good mechanical properties can assist in the formation of matrix materials for constructing a fast electron-transport network.
34,35
Most commonly, oxidative functionalization or grinding by ball milling can be used to create a stable CNT dispersion. Unfortunately, these methods agglomerate CNT permanently due to their strong van der Waals forces and strong dispersants, which destroy the sp 2 structures. 36 To overcome this problem, we recently established an enzymatic route to synthesize a highly stable MWCNT dispersion without compromising on the electronic features.
37
The adhesion of a MWCNT layer onto uorinated tin oxide (FTO) glass is one of the key issues when it is used as a CE material. The conventional DSSC assembly consists of a liquid electrolyte mainly based on acetonitrile as a solvent, which can degrade the carbon layer, causing it to become detached from the FTO glass and thus leading to a short circuit in the cell. A schematic illustration of a short circuit in a cell using a carbonbased electrocatalyst is demonstrated in Fig. 1 . For this purpose, a PVdF-co-HFP electro-spun nano-web was prepared and used as electrolyte-lled matrix in conjunction with the proposed MWCNT counter electrode.
In earlier work, the application of different membrane-based electrolytes in combination with a different counter electrolyte for DSSCs was proposed. These included a phthaloylchitosanbased gel polymer electrolyte, 38 a PVDF membrane-based electrolyte with an electrodeposited Pt counter electrode, 39 a PVDF-HFP electrolyte with different dyes, 40 and a PVDF-HFP gel electrolyte with a Pt counter electrode.
41 PVDF-HFP membrane electrolyte-based DSSCs have limited efficiency due to the lower ionic conductivity and low interfacial contact with the Pt CE. Herein, we propose the use of a carbon-based cathode with a defect-rich porous morphology in an effort to realize the fabrication of Pt-free and stable DSSCs. The suggested fabrication scheme of DSSCs provides ease of fabrication as well as a viable and stable design by providing an ionic conductive separator between the anode and the cathode to supersede the short-circuit frequency of the cells. Moreover, this scheme uses key materials and provides a fundamental study of the origins of electrical shorts. These results were also compared with those obtained with conventional liquid and polymer electrolytes in terms of the photovoltaic and electrochemical properties. The proposed DSSC system will provide new methods toward the fabrication of next-generation solar cells and exible electronic devices.
Materials and methods

Materials
All chemicals used were of analytical grade. MWCNT powder with a carbon content exceeding 95%, 6-9 nm diameter, and 5 mm length (Sigma Aldrich Co.) was used. Lipase enzyme from candida rugosa, Type VII (Sigma Aldrich Co.), was used as an organic dispersant. Polymer carboxymethyl cellulose (sodium salt of M W 250 000 g) was used as a binding agent. For the electrospinning of the PVdF-co-HFP electrolyte membrane, N,Ndimethylacetamide and acetone was purchased from Sigma Aldrich Co. Conductive transparent glass (FTO TEC 8, Pilkington Co.) substrates were used. Dye sensitizer D719, cis-diisothiocyanato-bis (2,2 0 -bipyridyl-4,4 0 -dicarboxylato) ruthenium(II) bis(tetra butyl ammonium) from Everlight Chemical Co. was purchased. TiO 2 (P25 by Degussa Co.) 20 nm size was used for the photoanodes. Ionomer Surlyn with a thickness of 60 mm was purchased from Solaronix. Other reagents were purchased from Sigma Aldrich Co. 
Fabrication of MWCNT counter electrodes
The carbon-based CE was prepared as follows. 0.4 g of MWCNT powder was dispersed in an ethanolic solution (1 mg mL À1 )
containing lipase as an enzyme. The solution was stirred overnight and ultra-sonicated for two hours at room temperature. With ultra-sonication, the enzymes were physically adsorbed and entrapped onto the MWCNT surface, signicantly releasing the MWCNTs with aggregation without disturbing their electronic characteristics. The carbon solution was then vacuumltered using a PTFE polymer membrane with a pore size of 0.5 mm followed by washing to remove enzyme byproducts. Aerwards, a 10 mL solution of a carboxy methyl cellulose solution was added to the carbon slurry and ground in an agate mortar to obtain a thick homogenous CNT paste. The MWCNT paste was then stored overnight at room temperature for aging. The FTO glass with sheet resistance of 8 U sq À1 was cleaned by sonication with acetone, distilled water, and ethanol for 15 min each. Carbon paste was coated onto the FTO glass under dry air at a temperature of 50 C. A 3 mm layer thickness was maintained to avoid short circuits in the cell. The carbon electrodes were dried at 150 C for 15 minutes and sintered at 300 C for 30 minutes in a high-temperature furnace. Pt counter electrodes were prepared by drop-casting a 10 mM H 2 PtCl 6 solution (in isopropanol) onto single-hole FTO glass with annealing at 400 C for 20 minutes in a hot air blower.
Preparation of the pore-lled membrane electrolyte
The electrospun pore-lled PVDF-co-HFP membrane electrolyte was prepared as follows: a 15 wt% solution of PVDF-co-HFP was electrospun using N,N-dimethylacetamide and acetone at a ratio of 3 : 7. The solution was forced using a 25 G syringe pump and high voltage of 10 kV. The membrane was spun onto a stainless plate with a xed distance of 20 cm from the end of needle. A 50 mm-thick membrane was prepared and used as an electrolyte medium. The resultant brous membrane was dried overnight in a vacuum chamber at 60 C to remove any remaining solvent. Aerwards, the membrane was pressed to obtain a thick, even separator. The nal thickness of the membrane was 30 mm. A schematic of the structure of the electrospinning system is shown in Fig. 2 . For the liquid electrolyte, 1-butyl-3-methylimidazolium iodide (BMII), iodine (I 2 ), lithium iodine (LiI), and 4-tert-butylpyridine (TBP) were used. Polyethylene oxide (PEO) with a molecular weight of M w 500 000 was added to form the gel electrolyte.
DSSC assembly
To fabricate the cell, the photoanodes were prepared according to the method used in our previous work. 42, 43 The photoanodes and prepared CEs were fabricated by assembling a square cut piece of membrane. The DSSCs were sealed using an ionomer spacer with a hot presser at 80 C for 20 seconds. Aer pressing, the electrolyte solution was injected from the holed CEs using a capillary vacuum effect. The cells were sealed with Surlyn and a cover glass. The resulting cells had an illuminated area of 0.2 cm 2 with black masking. A schematic diagram of the prepared DSSCs is shown in Fig. 3 .
Characterization
The structural and morphological characteristics of the PVDFco-HFP membrane and MWCNT samples were tested by a eld emission-scanning electron microscope (FE-SEM, JEOL JSM-6700F) at an accelerating voltage of 15 kV. For the FE-SEM, all carbon samples were coated with Pt to improve the structural images. A standard four-point probe head system (RM3000 resistivity test unit by Jandel Engineering, Switzerland) was used to measure the electrical conductivity of the CEs. 
Results and discussion
The scanning electron microscope (SEM) image shown in Fig. 4 depicts the three-dimensional network of the tubular MWCNT matrix. The nano-patterned carbon structure revealed at low magnication shows the highly convoluted matrix of CNTs. The high-magnication image shows an interconnected MWCNT network structure, which provides faster electrical charge transport. This MWCNT structure is essential for good electrical conductivity and a high surface area. The cross-sectional FE-SEM image shows a high density defect-rich edge surface, which is responsible for the improved electrode-membrane electrolyte interface and lower charge transfer resistance (R CT ) of the carbon CEs. 44 The MWCNT demonstrated low adhesion and detachment with the liquid electrolyte in a suitable amount of time. Hence, it is necessary to nd alternative methods by which to realize sustainable DSSC structures for high efficiency and sustainability. 
pore diameter of 0.607 mm. The apparent density was 1.2806 g mL À1 and the porosity was 84.0081%. These characteristics of the PVdF-co-HFP membrane will provide sufficient electrolyte wicking inside its porous structure. The electrical resistivity levels of the MWCNT and the Pt electrode were also measured. The sheet resistance of the carbon electrodes was 6 AE 0.5 U sq À1 , which was even lower than that of Pt at 7 U sq À1 . Such lower resistance indicates that this electrode can be potentially applied to CE, which would be very useful as it could then replace the expensive Pt electrode. The major role of CE in a DSSC is as a catalyst that effectively regenerates reduced species in the electrolyte, but at the same time it also provides a pathway for the photocurrent to complete the circuit. Therefore, both the catalytic properties of the CE towards the redox couple and the conductivity of the CE substrate are essential for good CE performance. We initially conducted cyclic voltammetry (CV) measurements in a threeelectrode system to investigate the catalytic properties. The synergic nature of the MWCNT CE with high conductivity and a defect-rich structure is expected to lead to improved electrocatalytic activity (ECA) towards the reduction of the I 3 À species to I À at the counter electrode. 45 Cyclic voltammetry (CV) tests were carried out to evaluate the electrocatalytic properties of the MWCNT CE. To identify the electrocatalytic activity of the CE, cyclic voltammetry (CV) was utilized in a three-electrode system in 0.01 M LiClO 4 , 10 mM LiI, and 1 mM I 2 in an acetonitrile solution. 46 The CV curves of different CEs using the threeelectrode method are presented in Fig. 6 . Two distinctive sets of oxidation and reduction peaks were observed for the Pt and MWCNT CEs, respectively. A negative (cathodic) peak was assigned to the reduction reaction (eqn (1)) and a positive anodic peak was assigned to the oxidation reaction 47 (eqn (2)). 
The ECA of an electrocatalyst toward reduction can be visualized in terms of its cathodic peak potential (E cp ) and cathodic peak current density (I pc ) in a CV diagram. MWCNT reveals higher I pc values with more positive E cp values and possesses the higher electrocatalytic activity than Pt CE. Moreover, the peakto-peak separation (E pp ), which is inversely proportional to the standard electrochemical rate constant of the I À /I 3 À redox reaction, is an important factor when investigating the ECA of the CE. 48 MWCNT CE has a smaller E pp (0.30 V) value, equal to that of a conventional platinized FTO CE (0.24 V), indicating the intrinsic electrocatalytic activity of MWCNT towards the iodide/ triiodide redox reaction. The porous morphology and high oxygen level over the MWCNT surface due to enzyme overlapping tend to amplify the absorption of iodide ions over the carbon layer with reduction back onto the surface. The oxygenrich porous surface of the MWCNTs has higher triiodide reduction than the reference Pt catalyst. This investigation nds that a higher electrocatalytic surface area can be achieved in the proposed carbon-based CE.
The ionic conductivity of the electrolyte, s, was calculated by the following equation,
where l is the thickness of the web, R is the bulk resistance of the electrolyte, and A is the area of the web. The bulk resistance was calculated from the EIS spectra of identical symmetrical cells. The diameter of the semicircles determined the bulk resistance of the electrolyte, as shown in Fig. 7 . The ionic conductivity of the membrane electrolyte was measured and found to be 2.31 Â 10 À3 S cm À1 at room temperature, which is quite close to that of the liquid electrolyte at 2.67 Â 10 À3 S cm À1 .
5 wt% of a PEO-based gel electrolyte showed a value of 2.21 Â 10 À3 S cm À1 . The polymeric content in the electrolyte tends to decrease the ion mobility and affect the ionic conductivity. Therefore, gel-based electrolytes have less ionic conductivity as compared to liquid-and membrane-based electrolytes. The ionic conductivity of the membrane-based electrolyte was slightly greater as compared to the gel-type electrolyte. The PVDF-HFP membrane was soaked with the liquid electrolyte and used in the DSSCs. Hence, the membrane showed higher ionic conductivity and greater ionic mobility when the membrane was soaked in this electrolyte medium. The diffusion constant of the electrolyte is also valuable when used to dene the interference between the electrolyte and the CE surface. The diffusion constants of I 3 À were measured using symmetrical CEs cells with cyclic voltammograms at a scan rate of 5 mV s À1 . These results are shown in Another method which can be used to probe the electrochemical performance of CE is to employ a symmetrical cell conguration (i.e., a sandwich structure of CE/electrolyte/CE) which resembles the typical DSSC device structure but without the anode electrodes so as to avoid the impedance loss of the dye-loaded TiO 2 working electrode. This structure provides a practical environment for testing the CE. 50 In order to determine the interfacial charge transfer resistance (R CT ) between CE and different types of electrolytes, three different symmetrical dummy cells composed of liquid-, gel-and brous-membrane-based electrolytes were prepared. Schematic illustrations of the symmetrical cells are shown in Fig. 9 . A Randlestype equivalent circuit was used to t the semicircles obtained in the EIS shown in Fig. 10 . Two semicircles were observed in the spectra; the semicircle observed in the low-frequency region (right) is the Nernst diffusion impedance in the electrolyte and the semicircle in the high-frequency region (le) is the interfacial charge transfer resistance (R CT ) of CE.
Nyquist plots of the respective CEs are shown in Fig. 11 . The results obtained for the MWCNT and Pt electrodes are tabulated Tables 1 and 2 , respectively. The R CT values of the cells with the electrolytes based on liquid, gel and the membrane, with MWCNT as the CE, were found to be 0.50 U, 0.87 U and 2.98 U, respectively. Thus, there is a major reduction in the chargetransfer resistance when using the MWCNT (2.98 U) instead of Pt (6.60 U) as a catalytic layer, producing a signicant benet for the performance of the membrane-based DSSCs. More specically, in addition to the ll factor, the V OC appears to Tables 1 and 2 . Eight cells in total were fabricated. Optimized values are tabulated in Tables 1 and 2 . The power conversion efficiency (PCE) of DSSCs can be calculated using the following equation.
Symmetrical cells DSSC
The DSSCs fabricated with the MWCNT CE and showed better performance with the membrane electrolyte and are comparable to Pt electrodes. It was found that DSSCs based on MWCNT CEs fabricated with the membrane electrolyte showed higher V OC (0.716 V), J SC (12.097 mA cm À2 ) and FF (69.81%) values, with an efficiency rate of 6.04%. This performance of the device is likely due to the low charge transfer resistance (2.93 U) and higher electrocatalytic activity at the CE with the membrane electrolyte, as conrmed by the EIS and CV analyses. In brief, the MWCNT-based DSSCs exhibit better performance and can replace the assembly of Pt and liquid electrolyte in the cells. Higher V OC values were observed for the MWCNT-based DSSCs.
According to results presented in Table 1 , the DSSC based on MWCNT CE fabricated with the gel type electrolyte showed a high V OC . The gel type will sustain the stable porous morphology of the carbon CE, while the liquid electrolyte is rapidly absorbed due to the high surface area. Membrane electrolytes have limited ionic conductivity and less dissipation of iodide species on C surfaces. Therefore, gel-type electrolytes have high V OC values when fabricated with MWCNT CEs. The morphological structure of carbon-based CEs provides more accessibility for triiodide ions to penetrate into the structure and become reduced onto the CE surface. However, slightly lower values of FF arise due to the bulk membrane used during the cell fabrication process. DSSCs fabricated with liquid show efficiency rates of 6.66%. However, low performance was noted with gel-based electrolytes, which showed an efficiency rate of 5.77%. Low electrolyte penetration into the conductive layer of the CE reduced the FF and J SC values. The I-V curve of MWCNTbased DSSCs is shown in Fig. 12a . The results are tabulated in Table 1 . It was observed in the results that the Pt CEs possess low surface areas and low electrocatalytic activity, which cause a reduction of I 3 À species at the CE and subsequently lower the V OC value of membrane-based cells. Fig. 12b presents the I-V curves of DSSCs based on Pt CE fabricated with different types of electrolytes. The results are tabulated in (Fig. 13) with an equivalent circuit model (Fig. 13c) . In the results, the rst circle can provide useful information about the inter kinetics between the counter electrode and the electrolyte. In the platinum graph, they show the impedance value (in the rst circle) according to the sequence of liquid < gel ¼ membrane electrolyte. This indicates that the interfacial resistance levels of the gel/Pt and membrane/Pt samples are higher than that of the liquid/Pt sample. In the MWCNT graph, they show a corresponding order of liquid/ MWCNT ¼ gel/MWCNT < membrane/MWCNT, indicating that the interfacial resistance of the membrane/MWCNT sample is higher than those of the other cases. Therefore, it can be said that the connection between the membrane and the MWCNTs can create higher impedance as compared to a gel or liquid electrolyte, which may explain the increased rst circle size in the EIS. Specically, the rst circles of the MWCNT-based cells are smaller than those of the platinum-based cells.
Conclusion and future suggestions
An electrospun PVdF-co-HFP membrane was prepared and used as a pore-lled electrolyte matrix for MWCNT CEs. The unique nanostructure of the MWCNT CEs, including a large surface area and a network structure along with a high interconnected interracial reaction mechanism, guaranteed rapid mass transport for electrolyte and enabled the CE to accelerate the reduction of triiodides to the iodide present in the porous PVDF-co-HFP membrane. The extensive electrochemical analyses of MWCNT CE with the membrane electrolyte via CV and EIS measurements also indicated lower charge transfer resistance of 2.98 U at the CEs. The proposed design of DSSCs assembled with MWCNT CEs and a pore-lled membrane electrolyte exhibited a power conversion efficiency of 6.04% under AM 1.5 illumination at 100 mW cm À2 , comparable to that of DSSCs based on the conventional design with a liquid electrolyte with Pt CEs (7.32%). If it is possible to prepare a thinner and stronger membrane, useful information can be gleaned from the ndings here. As a suggestion for future work, this cell design can be realized by the direct deposition of an electrospun membrane on the counter electrode, which may be scalable as a one-step continuous process. The proposed DSSC design suggests that MWCNT-based CEs and membrane-electrolytebased cells shows great potential for use in low-cost and ex-ible electronic devices.
